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To assess inﬂuences of ﬁxational drift eye movements on motion detection, lower thresholds for motion and drift amplitudes were
measured in normal subjects. The threshold was higher without visible surrounds than with a surround, and had a positive correlation
with drift amplitude. The same eﬀect, but more pronounced, was found when the surround was visible but ﬂickered synchronously. In
contrast, the correlation disappeared in the threshold with a static surround. These results suggest that, while spurious image motions
by eye drift can have a detrimental eﬀect, a mechanism tuned for diﬀerential motions normally counteracts it.
 2003 Elsevier Ltd. All rights reserved.
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While we maintain ﬁxation, the eyes incessantly move
in tiny oscillation to prevent the image from stimulating
exactly the same part of the retina; otherwise, the image
would soon fade away from perception due to adapta-
tion (Riggs, Ratliﬀ, Cornsweet, & Cornsweet, 1953). So,
the retinal image of a stationary scene is actually a messy
sequence of large and small translations. However, we
normally see a stationary world as stationary. Rapid
retinal-image motions produced by large-scale voluntary
saccades may be unnoticed because of saccadic sup-
pression: contrast sensitivity and displacement detect-
ability are transiently lowered during saccades (e.g.,
Bridgeman, Hendry, & Stark, 1975; Burr, Morrone, &
Ross, 1994; Shioiri & Cavanagh, 1989; for review, see
Ross, Morrone, Goldberg, & Burr, 2001). For voluntary
smooth pursuit eye movements, there is ample evidence
of compensation of image motion by subtraction of eye
velocities using biological signals, e.g., the ‘‘eﬀerence
copy’’ of oculomotor commands (Freeman & Banks,
1998; Helmholtz, 1866; Mack & Herman, 1978; Sher-
rington, 1918; Turano & Massof, 2001; Wertheim,
1994). However, the utility of such extraretinal signals is
doubted in small eye movements, as they are not nec-* Tel.: +81-46-240-3596; fax: +81-46-240-4716.
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zenman, Hallett, & Frecker, 1985). One might argue
that ﬁxational eye movements are negligibly small, but
this is untrue. Among the three classes of small eye
movements (Ditchburn & Foley-Fisher, 1967), ‘‘trem-
ors’’ (at 30–100 Hz) are in fact small (<1 min) (Bengi &
Thomas, 1968; Eizenman et al., 1985), and ‘‘microsac-
cades’’ (tiny jumps of a few min) are rare and also
reducible by instruction (Steinman, Cunitz, Timberlake,
& Herman, 1967). However, the dominant component,
‘‘drift’’ (deﬁned here as incessant random ﬂuctuation at
1–30 Hz, considering the fact that drift and tremors are
not clearly delineated along the continuum of power
spectra, Eizenman et al., 1985), is surprisingly large
(10 min) and fast (up to 2–3/s; see Fig. 4A). Indeed, a
visual pattern that moved in the simulation of eye drift
appeared clearly shaky (Murakami, 2003). Therefore,
image ﬂuctuation due to natural eye drift is a
fundamental problem the visual system has to counter-
act.
A clue to the cancellation mechanism has recently
come from two interesting phenomena: the jitter after-
eﬀect and the ﬂicker-induced jitter. In one study
(Murakami & Cavanagh, 1998), after reducing the mo-
tion sensitivity in the surround of two concentric regions
by adaptation to dynamic noise, static patterns were
presented in both center and surround regions. After
adaptation, the center appeared to jitter randomly like
drift. In another study (Murakami, 2003), the center had
Fig. 1. Stimulus conﬁguration. The center region corresponds to the
disk-shaped region subtending 13.3. The surround region corresponds
to the annular region surrounding the center region. The gray back-
ground in this ﬁgure is clipped for illustrative purposes.
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a pattern that was static but ﬂickered synchronously at
9.4 Hz to confuse biological motion detectors (Pantle &
Turano, 1992; Shioiri & Cavanagh, 1990; Takeuchi &
De Valois, 1997). The illusion in this case immediately
occurred without adaptation: the center appeared to
jitter randomly. Clearly, drift-contingent spurious image
motions on the retina are normally suppressed but are
visible when motion processing in the surround is
deteriorated either by adaptation or by ﬂicker. The
visually based theory of drift cancellation, therefore,
posits that the visual system constantly dismisses com-
mon image motions (as they most likely originate in eye
movements), only interpreting diﬀerential motions as
coming from external objects (Murakami, 2003; Mura-
kami & Cavanagh, 1998, 2001; Sasaki, Murakami,
Cavanagh, & Tootell, 2002). However, diﬃculty in
evaluating the theory resides in the lack of critical
studies directly relating the motion detection threshold
to actual eye drift. The present study measured both and
revealed their relationship.
The theory raises important predictions, as listed
below.
(1) If it is true that an external object motion is noticed
because it is diﬀerential to its surround, it should be-
come unnoticed when diﬀerential information is
lost, i.e., a motion without surrounding reference
frames should be harder to detect.
(2) Even if the motion stimulus is surrounded by some
reference, the detection should be diﬃcult when
the reference provides only unreliable information,
as in the synchronous ﬂicker in the illusion men-
tioned above.
(3) If the external motion without reference is indistin-
guishable from spurious motions, the detection per-
formance should have a positive relation to ﬁxation
instability.
(4) If the cancellation mechanism perfectly counteracts
eye drift by extracting diﬀerential motions, the mo-
tion detection with static reference should have no
more correlation to eye movements.
To test these predictions, the detection threshold for
motion in a dot pattern within a disk region (Fig. 1) was
tested in the following three conditions.
(a) No-surround: nothing was presented in the sur-
round (i.e., the surround was kept at the same luminance
as the background). This condition tested the subject’s
detection performance when there was no visible refer-
ence frame nearby. The performance measured under
this situation is often called the detection of ‘‘unrefer-
enced motion’’ (Johnson & Scobey, 1982; Levi, Klein, &
Aitsebaomo, 1984), ‘‘uniform motion’’ (Shioiri, Ito,
Sakurai, & Yaguchi, 2002; Tsujimura & Zaidi, 2002), or,
more roughly, ‘‘absolute motion’’ (Snowden, 1992).(b) With-surround: a static pattern was added in an
annulus region surrounding the central disk. This con-
dition assessed the degree of advantage given by a static
frame of reference. The measured performance is called
the detection of ‘‘referenced motion’’ (Johnson & Sco-
bey, 1982; Levi et al., 1984) or ‘‘relative motion’’ (e.g.,
Shioiri et al., 2002).
(c) Flicker-surround: the same static pattern as in
with-surround was presented, but it ﬂickered synchro-
nously at 9.4 Hz. This condition provided a clearly
visible but unreliable frame of reference (Murakami,
2003; Pantle & Turano, 1992; Shioiri & Cavanagh, 1990;
Takeuchi & De Valois, 1997). If the detection perfor-
mance is the same between conditions (b) and (c), it
would follow that any kind of visible surround could
suﬃce for promoting the cancellation. If the perfor-
mance is diﬀerent, the results would implicate requisites
for the eﬀective reference frame.
Also, ﬁxational eye movements of each subject were
actually measured while the subject viewed the above
three kinds of stimuli, and the estimated eye-movement
statistics were compared to the motion detection per-
formance. It was found that there was a highly positive
correlation between the instability of ﬁxation and the
motion detection threshold in conditions (a) and (c), but
not in (b). The presence and absence of correlation both
have important theoretical implications, which will be
discussed later. To understand the underlying mecha-
nism of the pattern of correlation, a more elaborate
psychophysical experiment was conducted in the
framework of ‘‘noise analysis’’ (Pelli, 1990). The results
suggest that eye drift during ﬁxation actually gives rise
to severe random noise of velocity representation in the
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pressed.2. Methods
This study followed Declaration of Helsinki guide-
lines and was approved by NTT Communication
Science Laboratories Research Ethics Committee. In-
formed consent was obtained from all subjects after
explanation of the nature and possible consequences of
the study. The analysis was based on data from 10 naive
subjects and the author (aged 21–35, whose visual acuity
was either normal or corrected to normal by contact
lenses).
2.1. Stimulus
Experimental setup is described in detail elsewhere
(Murakami, 2003). The stimulus was presented on a
CRT monitor (Sony GDM-F520; 42.7 · 32; refresh
rate 75 Hz; 13.3 ms/frame) controlled by a computer
(Apple Power Macintosh). A circular ‘‘center’’ and an
annular ‘‘surround’’ were placed concentrically at the
center of the monitor, on the uniform gray background
of the mean luminance (Fig. 1). The center was occupied
by a random-dot texture (blurred for subpixel anima-
tion). The surround was ﬁlled with another random-dot
texture. The center-surround border was softened by a
cumulative-Gaussian-shaped contrast modulator (SD¼
40 arcmin). The ﬁxation spot was provided throughout
the experiment. The viewing was binocular from a dis-
tance of 54 cm, constrained by the chinrest.
Within the center-surround border, the central pat-
tern was moved coherently. In each trial, the translation
was randomly chosen from eight possible directions
diﬀering by 45, and its speed was randomly chosen
from predetermined levels that adequately spanned
a psychometric function. There were three surround
conditions: (a) no-surround, (b) with-surround, and (c)
ﬂicker-surround (see Section 1).
Trials for the lower threshold for motion and trials
for the noise analysis were actually intermingled. Hence,
the velocity proﬁle of the center was actually the vector
sum of the linear-translation component mentioned
above and a velocity-noise component. The noise com-
ponent was generated by inverse FFT of the discrete
amplitude spectra (Fig. 4C, dots), y ¼ a=f (where f ¼ 1;
2; 3; . . . ; 32 cycles/duration and parameter a determines
noise amplitude), associated with random phase spec-
tra (see Section 3.3 for details). Above the threshold,
the pattern would generally appear to oscillate ran-
domly while constantly sliding in a certain direction.
The stimuli for determining the lower threshold for
motion were special cases where the noise amplitude was
zero.2.2. Motion detection
The surround, if visible, ﬁrst appeared and remained
for 151 frames (2 s), within which the center appeared
at a randomized timing and remained for 64 frames
(0.85 s). Direction, translation speed, noise amplitude,
and surround visibility were all chosen in random order.
The subject had to indicate the direction of the transla-
tion component. For each surround condition, and for
each noise amplitude, the correct rate was plotted against
translation speed and was ﬁt with a sigmoidal psycho-
metric function, y ¼ cþ ðk cÞ  ð1 exp½ðx=aÞbÞ,
where c ¼ 0:125 (chance rate), k ¼ 0:99 (one minus
lapsing rate), and a and b were allowed to vary. The
motion detection threshold was determined as the speed
at which d 0 ¼ 2 (53.3% correct identiﬁcation).
In one experiment, the presentation duration was
varied. The sequence of 64 frames was maintained while
the inter-frame interval was varied, either by changing
the monitor’s refresh rate or by inserting extra screen
waits before proceeding to the next frame.
2.3. Noise analysis
Schematic of this analysis is shown in Fig. 2A. Let us
call the velocity noise in the moving stimulus the
external noise, and write its amplitude as re. The goal of
this analysis was to estimate the amount of internal noise
in the visual system, ri. Assuming that ri is independent
of re and of any other stimulus events, the total amount
of velocity noise is
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
r2i þ r2e
p
. Motion detection is as-
sumed to be maximum likelihood estimation based on N
observations of instantaneous velocities between suc-
cessive frames (cf., V1 neurons may be optimally tuned
for this inter-stimulus interval, Conway & Livingstone,
2003). Further assuming linear velocity coding, the
threshold is predicted by d 0
ﬃﬃﬃﬃﬃﬃ
Ng
p 1 ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
r2i þ r2e
p
, where
d 0 ¼ 2, N ¼ 63, and g is the squared ratio of actual
threshold to the ‘‘ideal’’ observer’s performance and is
termed eﬃciency. The ‘‘ideal’’ observer is deﬁned as the
observer who does the same task with ri ¼ 0 and g ¼ 1,
thus the performance is given by d 0
ﬃﬃﬃﬃ
N
p 1
re (Fig. 2D,
dashed line).
2.4. Eye-movement recording
Eye movements were recorded separately from the
psychophysical experiment. While the stimulus was
being passively observed (for 16 s) in the same viewing
condition as in the detection task, the horizontal gaze
position was recorded by an infrared eye tracker (Iota
Orbit 8) with the sampling resolution of 1 kHz. Before
and after the ﬁxation period, calibration dots at 16
diﬀerent positions (within ±2.5) were presented
sequentially for 2 s each, and the subject was asked to
make a reaching saccade to each of them. Blink-free 4-s
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Fig. 2. Noise analysis. (A) Schematic view of the framework of the
noise analysis. (B) Hypothetical performance change with the change
of internal noise. (C) Hypothetical performance change with the
change of eﬃciency. (D) Translation speed at detection threshold as a
function of external noise amplitude; data from a typical naive subject
(AM). Data for three surround conditions are superimposed along
with their best-ﬁt model curves. The theoretical performance of the
‘‘ideal’’ observer is also shown (broken line). Lower threshold indicates
the ﬂoor of the threshold at the left-most, noise-free side. Internal noise
indicates the noise level where the lower-threshold line and the line
extrapolated from the linearly increasing part intersect. Eﬃciency
represents the extent of threshold elevation relative to the ‘‘ideal’’
observer’s performance (the diﬀerence in height between actual and
‘‘ideal’’ curves at the right-most, high-noise side).
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bandpass-ﬁltered (1–31 Hz) to obtain resampled velocity
with the same resolution as the monitor (13 ms).
Microsaccades were determined by the velocity criterion
of 10/s (Bair & O’Keefe, 1998; Snodderly, Kagan, &
Gur, 2001). Data within 65 ms around each microsac-cade were removed from the drift trajectory (but if in-
cluded, the results do not change). Using 6–32 (median
19) such drift samples for each condition, the velocity
histogram with 0.1/s bin was plotted (see Fig. 4B), and
was ﬁt with a Gaussian (R2 ¼ 0:989 0:007, mean ±1
SD).3. Results
Each subject was tested with the motion detection
psychophysics and eye-movement recording in separate
experimental sessions within the same day. In the fol-
lowing, their respective data are ﬁrst described, and then
the correlation structure is shown, each in association
with the consistency with the theoretical predictions
mentioned earlier.
3.1. Detection threshold
The results for the 11 subjects all showed essentially
the same pattern (Fig. 3A). With surround, the thresh-
old was lowest. Without surround, however, the
threshold was elevated signiﬁcantly (repeated-measures
ANOVA, F2;10 ¼ 44:2, p < 0:0001; Fisher’s PLSD,
p < 0:0001). Clearly, motion without diﬀerential infor-
mation was harder to detect than motion with a refer-
ence. This is consistent with previous studies (Levi et al.,
1984; Shioiri et al., 2002; Whitaker & MacVeigh, 1990).
Next, the threshold was signiﬁcantly higher in ﬂicker-
surround than in no-surround (PLSD, p < 0:0005). This
result implies that the ﬂickering surround does not
provide a good reference frame like the static surround
does. Moreover, the surround ﬂicker is even a wrong
frame of reference (see Section 4) rather than being
equivalent to the absence of reference. This is consistent
with the implication from the recent illusion study (see
Section 1, and see also Murakami, 2003) that the ﬂick-
ering surround does not work as a reliable reference
frame. These results therefore fulﬁll predictions (1) and
(2) from the visual cancellation theory.
3.2. Correlations with eye movements
An unreferenced motion is undetected because,
according to the theory, the cancellation mechanism
erroneously interprets it as originating in eye move-
ments. In other words, the external motion and spurious
motions are indistinguishable. Then, the degree of sen-
sitivity loss is likely a matter of the signal-to-noise ratio:
unreferenced motion is detectable only when it is fast
enough to escape from velocity noise made by drift. If
so, the threshold should change in proportion to the
amplitude of eye movements.
To examine this possibility, the subject’s eye move-
ments were recorded. Representative time series of eye
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Fig. 3. Data for the 11 subjects and their mean (error bar, 1 SD). The
four panels are plotted in the same format, with the subjects in the
same order. (A) Lower threshold for motion. (B–C) Internal-noise r
and eﬃciency estimated by the noise analysis. (D) Eye-velocity r
estimated from eye-movement records.
Fig. 4. Small eye movements; data from a naive subject (AT). (A)
Horizontal eye position during ﬁxation (thick curve) and instanta-
neous velocity (dots). (B) The two-dimensional (horizontal · vertical)
histogram of drift velocity. Darker pixels correspond to more frequent
occurrence. (C) Position amplitude spectral density calculated by FFT
of eye-position data during 4 s of ﬁxation (thick and thin curves,
mean± 1 SD). The function y ¼ af b yielded the best-ﬁt result when
b ¼ 1:067ðR2 ¼ 0:98Þ, indicating that the amplitude is well approxi-
mated by y ¼ a=f , which is consistent with previous estimation (Ei-
zenman et al., 1985). This function was actually used to generate
external noise. The amplitude spectra of an example of external noise
are overlaid (dots). The velocity histogram (inset) obeyed a Gaussian
with r linearly related to a.
I. Murakami / Vision Research 44 (2004) 751–761 755position and velocity during ﬁxation are shown in Fig.
4A. The trajectory appears quite fractal. Also, the
velocity appears to distribute at random around zero.
Indeed, horizontal and vertical eye velocities in this
subject well obeyed mutually independent, zero-centered
Gaussian distributions with almost the same r (Fig. 4B).
The eye-velocity r, as an index of drift amplitude, was
estimated for the 11 subjects (Fig. 3D). First, each
subject yielded the same r irrespective of surround
conditions (p > 0:1). This clearly refutes the hypothesis
that diﬀerent conditions simply lead to diﬀerent drift
amplitudes, which in turn lead to diﬀerent thresholds.
Second, the drift amplitude had a large individual dif-
ference (ranging 0.43 log-units). This was expected: the
interest here was whether this across-subject diﬀerence
in eye velocity correlated with the across-subject diﬀer-
ence in detection threshold.
In the scattergrams of the 11 subjects’ data (Fig.
5A), an interesting correlation structure was found. Inno-surround, eye-velocity r positively correlated with
lower threshold (Pearson’s correlation coeﬃcient,
r ¼ 0:609; linear regression, y ¼ 0:099xþ 0:012; corre-
lation test, p < 0:05). A similarly positive correlation
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Fig. 5. Correlations between psychophysical data and eye-movement
data. Each point represents each subject. The solid lines indicate linear
regressions for the correlations that reached statistical signiﬁcance. The
broken line indicates the identity function (y ¼ x). (A–C) Lower
threshold, internal noise, and eﬃciency plotted against drift amplitude.
(D–F) Lower threshold, internal noise, and eﬃciency plotted against
the frequency of microsaccades.
756 I. Murakami / Vision Research 44 (2004) 751–761with a steeper slope was also evident in ﬂicker-surround
(r ¼ 0:789; y ¼ 0:219x 0:036; p < 0:005). In contrast,
the lower threshold for motion with surround did not
systematically vary with eye-velocity r (p > 0:2). These
results indicate that drift eye movements limit the
detectability of slow motion when a reference frame isunavailable or unreliable. Moreover, the lack of corre-
lation between threshold and eye velocity for the with-
surround condition is strong evidence of the cancellation
function. The results are therefore consistent with the-
oretical predictions (3) and (4).
Oﬄine eye recording assumed that drifts should be
the same during passive viewing as during the psycho-
physical task. However, it is known that microsaccades
decrease in frequency during high-acuity judgments
(Bridgeman & Palca, 1980; Winterson & Collewijn,
1976). To examine whether the same is true for drift eye
movements, eye recording of the author was repeated
while the present psychophysical task was actually being
conducted near threshold (for the with-surround con-
dition). In control, eye recording was also made through
an identical stimulus sequence but with passive viewing;
the stimulus was always stationary in the control trials
so as to avoid any covert engagement in motion detec-
tion. The estimated eye-velocity r during the detection
task (0.482± 0.014/s, average ± 1 r.m.s. over 0.8-s
stimulus duration times 120 trials; subject IM, right eye)
was the same as the eye-velocity r during passive view-
ing (0.482± 0.011/s, over the equal number of stimulus
presentations). Thus, the correlation analysis between
task performance and oﬄine eye records as shown in
Fig. 5 may be justiﬁed (under the assumption that
the ﬁxating eyes of other subjects behave like the au-
thor’s).
3.3. Internal noise and eﬃciency
There are two possibilities as to how eye drift aﬀects
motion detection. A straightforward idea is that the
velocity noise due to drift acts as random noise in the
internal representation of velocity. A stationary stimulus
is then internally represented as a distribution of
velocity, whereas a moving stimulus is represented as the
same distribution except that it is slightly oﬀset. Detec-
tion is possible only when the separation between the
two distributions is suﬃciently wide relative to the var-
iance (Green & Swets, 1966). Alternatively, drift might
reduce the sampling rate. Visual inputs ﬂuctuate while
the gaze is drifting around, so the visual system might
discard badly ﬂuctuating inputs (just like inputs during a
saccade are suppressed, Bridgeman et al., 1975), relying
on only a few ‘‘best-shot’’ samples. For determining
which hypothesis is correct, a noise analysis is useful
(Pelli, 1990). In the noise analysis, the ﬁrst and second
hypotheses correspond to the quantities ‘‘internal noise’’
and ‘‘eﬃciency’’, respectively.
The basic idea of the noise analysis is illustrated in
Fig. 2A. The model assumes that the motion detection
threshold is limited by two factors. One is the additive
‘‘internal noise’’, which disturbs motion detection like a
Gaussian velocity noise does. The other is the ‘‘eﬃ-
ciency’’, which determines how much information is
I. Murakami / Vision Research 44 (2004) 751–761 757actually used for computation. We can separately esti-
mate these two factors by artiﬁcially adding a Gaussian
velocity noise (external noise) to the motion stimulus.
Simply put, the stimulus is given artiﬁcial drift that
simulates actual eye drift. The threshold should scale
with external-noise r (Green & Swets, 1966). However,
as the external noise approaches zero, the threshold does
not become zero but approaches a lower asymptote (i.e.,
the lower threshold for motion). Thus, the threshold
should obey a ﬂat and then rising function. The exter-
nal-noise r and internal-noise r become equivalent when
the threshold is elevated by
p
2; this point on the ab-
scissa is the estimate of the internal-noise r. The increase
of the internal noise only elevates the lower asymptote
(Fig. 2B). The other factor, the eﬃciency, governs the
height of the overall function: the proﬁle shifts upward
in log scale as eﬃciency becomes worse, i.e., as more
samples are wasted (Fig. 2C). Both internal noise and
eﬃciency can be uniquely estimated by curve-ﬁtting. The
ﬁt was very good for all subjects (R2 ¼ 0:933 0:059,
mean± 1 SD).
To construct external noise, the pattern in the central
disk was now moved by a drift’s replica: it was com-
posed of independent horizontal and vertical compo-
nents of artiﬁcial drift trajectories that mimicked actual
drift in the Fourier domain (Fig. 4C). A Monte-Carlo
simulation conﬁrmed that the instantaneous velocity of
the noise obeyed a zero-centered Gaussian (Fig. 4C,
inset), as actual drift does (Fig. 4B). Threshold data of a
representative naive subject are shown in Fig. 2D.
Consistent with the prediction by the noise analysis, the
performance obeyed a ﬂat-and-rising function. The
lower asymptote of each proﬁle indicates the lower
threshold for motion, which has been shown already
(Fig. 3A). Plotted at the top abscissa is the estimated
internal noise for each condition. Clearly, the internal
noise came in the same order as the lower threshold:
compared with no-surround, the internal noise was
smaller in with-surround and larger in ﬂicker-surround.
The estimated eﬃciency, however, did not systemati-
cally change across conditions, as is deducible from
the convergence of the three proﬁles at high external-
noise levels. The same pattern of results was obtained
in the group data, as shown in Fig. 3B (F2;10 ¼ 47:3,
p < 0:0001) and C (p > 0:05). The estimated g occa-
sionally exceeded the theoretical maximum of 1 (Fig.
3C). Aside from errors in ﬁtting, the current version of
the ‘‘ideal’’ observer may be too simplistic and so sub-
ideal; a true ideal observer could be made better by
having a better template (Simpson, Falkenberg, & Ma-
nahilov, 2003). If anything, the eﬃciency as it stands is
still a useful index for describing relative diﬀerences
across conditions.
Next, to see if the internal noise originates in eye
drift, the 11 subjects’ data were plotted in scattergrams
(Fig. 5B). Indeed, there was a positive correlation be-tween internal-noise r and eye-velocity r, for conditions
no-surround (r ¼ 0:725; y ¼ 0:310xþ 0:061; p < 0:05)
and ﬂicker-surround (r ¼ 0:789; y ¼ 0:653x 0:079;
p < 0:005). By contrast, no correlation was found be-
tween the internal noise in with-surround and eye
velocity (p > 0:3). Overall, the correlation pattern for
the internal noise was identical to that for the lower
threshold (Fig. 5A). The eﬃciency (Fig. 5C), however,
showed no systematic relationship with eye velocity
(p > 0:6). These results have important implications.
Eﬃciency (i.e., sampling rate) of motion computation
neither depends on the presence of a surrounding ref-
erence frame nor on how large the drift eye movements
are. What is really changed by these variables is the
internal noise. When a reference frame is unavailable or
unreliable, the lower threshold increases with drift
amplitude just because the internal noise increases. With
a static frame of reference, the lower threshold is ﬂat just
because the internal noise is ﬂat; the cancellation
mechanism extremely reduces internal noise originating
in eye movements such that there remains a ﬂat internal
noise that is now independent of eye movements, pre-
sumably corresponding to the lower bound of motion
processing.
3.4. Microsaccades
Small eye movements include not only drift but also
microsaccades. However, the results did not support the
possibility that they might aﬀect motion perception (Fig.
5D–F). First, the microsaccades were rare (0.65 times/s
on average) in comparison to the stimulus duration
(0.85 s). Second, their frequency had no correlation with
lower threshold, internal noise, or eﬃciency (p > 0:1).
Third, the data slightly suggested a negative correlation
between the frequency of microsaccades and eﬃciency
(Fig. 5F), as might be predicted from saccadic sup-
pression (Bridgeman et al., 1975), but the eﬀect was
insigniﬁcant. Thus, the current set of experimental data
did not reveal any systematic relationship between
microsaccades and task performance. However, one
cannot exclude the possibility that the statistics of
microsaccades during a task are diﬀerent from those
during oﬄine eye recording with passive viewing. The
number of microsaccades, for example, is known to
decrease during a high-acuity task (Bridgeman & Palca,
1980; Winterson & Collewijn, 1976).
3.5. Correlation matrix
Table 1 shows the correlation matrix of psycho-
physical and eye-movement indices calculated from the
raw data of the 11 subjects. Several interesting features
are observed. First, the lower thresholds across diﬀerent
surround conditions show positive correlations, and
similar positive correlations are also evident in internal
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758 I. Murakami / Vision Research 44 (2004) 751–761noise. These across-subject correlations can be inter-
preted to reﬂect individual diﬀerences in the baseline
performance of motion detection. Second, the lower
threshold positively correlated with the internal noise.
These signiﬁcant correlations statistically support the
apparent similarity in data structure between the lower
threshold (Fig. 3A) and internal noise (Fig. 3B). Third,
there was no correlation between the eye-drift velocity
noises of the two eyes, but, in contrast, there was an
almost perfect correlation between the numbers of
microsaccades of the two eyes. These ﬁndings are con-
sistent with the oculomotor characteristics that drift eye
movements of ﬁxation are driven monocularly, whereas
microsaccades are binocularly conjugate (Krauskopf,
Cornsweet, & Riggs, 1960). Fourth, the number of
microsaccades tends to correlate negatively with eﬃ-
ciency, although insigniﬁcantly in most cases. If sacc-
adic image slip spoils visual motion inputs, frequent
saccades would decrease sampling eﬃciency (Bridg-
eman et al., 1975). Fifth, the lack of correlation between
psychophysical indices and the eye-velocity r of the left
eye might seem odd at ﬁrst glance, but is explained by
the fact that the blind spot of the left eye covered a
signiﬁcant fraction of the stimulus area. Therefore, the
main analysis and presentation of the data have focused
upon the right-eye statistics, which should predomi-
nantly represent interactions between eye velocity and
visual information.3.6. Velocity versus position
One might argue that the present study measured the
detection of position displacement rather than velocity
per se (cf., Shioiri et al., 2002). However, the position
hypothesis is unlikely for several reasons. First, the
windowed random texture obscured ﬁne position sens-
ing (Braddick, 1974; van de Grind, van Doorn, & Ko-
enderink, 1983). Second, the window’s border was
blurred, whereby occlusion cues were inhibited (Zhang,
Yeh, & De Valois, 1993). Third, the pattern was shown
at a periphery, where position coding is coarser (Levi &
Klein, 1986). Furthermore, a control experiment more
convincingly refuted this hypothesis by varying stimu-
lus duration. The detection threshold is described here
in terms of displacement size (Fig. 6). Were posi-
tion critical, the displacement threshold would be
ﬂat across durations. On the other hand, thresholds
at a constant velocity would show the slope of 1 in log–
log plot. Also, velocity-based thresholds plus ideal
temporal probability summation predicts the slope
of 0.5. Indeed, the displacement threshold signiﬁ-
cantly increased with increasing duration with the
slope of 0.51–0.98 (R2 ¼ 0:86–0:95, p < 0:0005), thus
indicating that the performance was based on veloc-
ity.
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Fig. 6. Threshold as a function of duration. Threshold is expressed as
displacement. Data for the author (IM) and a naive subject (AM).
Lines indicate linear regression in log–log plot.
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The present ﬁndings dramatically show that persons
who are poorer at maintaining ﬁxation are actually
poorer at identifying unreferenced motion, and that they
are so because poorer ﬁxation increases internal velocity
noise. Previous researchers have certainly discussed vi-
sual performance in relation to small eye movements
(McKee & Levi, 1987; McKee, Welch, Taylor, &
Bowne, 1990; Smeets & Brenner, 1994; Tulunay-Keesey
& VerHoeve, 1987). However, the present study is the
ﬁrst to discover the quantitative and systematic rela-
tionship between ﬁxation stability and motion sensitivity
in the same set of normal subjects. It is true that cor-
relation does not immediately mean causality from eye
to perception. However, the reverse relationship, i.e.,
perception aﬀecting eye, is refuted by the fact that eye
drift is immune to surround conditions (Fig. 3D) and
external noise (Murakami, 2003). Also, the results rule
out the possibility of spurious correlation, i.e., another
noise generator (e.g., motivation) generically aﬀecting
eye records and psychophysical data, because correla-
tions were found only in speciﬁc combinations (Fig. 5,
solid lines).
In comparison to no-surround, the lower threshold
decreased in with-surround, and increased in ﬂicker-
surround (Fig. 3A). This ﬁnding is consistent with pre-
vious studies showing that referenced-motion thresholds
are lower than unreferenced motion’s (Levi et al., 1984;
Shioiri et al., 2002; Whitaker & MacVeigh, 1990), and
with a recent report that the ﬂickering surround does
not work as a reliable reference frame (Murakami,
2003). Moreover, the noise analysis has identiﬁed what
is really limiting performance: it is the internal velocitynoise, rather than undersampling. The eyes are inces-
santly drifting during ﬁxation, and so is the retinal
image. Without a static frame of reference, such velocity
noise due to eye drift masks visual motion signals in
the outer world. When a reliable reference frame sur-
rounds the motion stimulus in question, eye movements
move both central and surrounding regions in the
same velocity proﬁle. Simple and biologically plausible
operations, such as spatial diﬀerentiation of velocity
(Murakami & Shimojo, 1993, 1996), can extract diﬀer-
ential motions, and therefore remove such spatially
correlated velocity noise. The noise reduction is so suc-
cessful that the internal noise no longer correlates with
eye velocity (Fig. 5B). On the other hand, the sur-
rounding pattern in synchronous ﬂicker does not signal
veridical velocity information that correlates with the
central region’s, since the ﬂicker confuses motion-energy
computation (Pantle & Turano, 1992; Shioiri & Cava-
nagh, 1990; Takeuchi & De Valois, 1997). As a result,
the velocity noise in the center is decorrelated or even
anticorrelated with respect to the ﬂickering surround,
even worse than when no surround is presented
(Murakami, 2003). This accounts for the internal noise
being even greater than it is without surround. In
addition, the subject’s response to the moving stimuli in
this condition probably interacted with the perception of
illusory jitter that was always induced in the center by
the ﬂickering surround. The jitter perception has been
known to reﬂect retinal image motions due to small eye
movements (Murakami, 2003). Thus, in the ﬂicker-sur-
round condition, the velocity noise originating in eye
drift is not only present internally in the visual system
but also present in the subject’s consciousness, doubly
aﬀecting the motion detection performance. This phe-
nomenon, therefore, has a conceptual similarity to dem-
onstrations of deteriorating eﬀects of stimulus blinking
on perceptual space constancy during large, small,
and artiﬁcial eye movements (Deubel, Bridgeman, &
Schneider, 1998; Deubel, Schneider, & Bridgeman, 1996;
MacKay, 1958; Peli & Garcıa-Perez, 2003; Spillmann,
Anstis, Kurtenbach, & Howard, 1997).
If 100% of drift amplitude becomes internal noise,
the eye-velocity r should be identically translated to the
internal-noise r (Fig. 5B, broken line). However, the
estimated internal-noise r had a considerably shallower
slope. Several possibilities are worth consideration.
First, noises in the recording system might have over-
estimated eye velocity. But such additive noises are ex-
pected to steepen the correlation curve, the opposite
trend. Second, the ﬁxation during recording, which
was perhaps more demanding (lasting for 16 s) than in
the detection task (2 s for each trial), might have dis-
persed more by fatigue. However, the eye-movement
data showed no such systematic change across time.
Third, oﬄine eye recording might have introduced some
additional noise and/or bias in correlation structure, if
760 I. Murakami / Vision Research 44 (2004) 751–761there was a considerable degree of modiﬁcation in eye-
drift patterns across sessions. The author’s observation
argues against this (see Section 3.2), but more extensive
online experiments will resolve this issue. Fourth, the
present ‘‘no-surround’’ condition actually contained
rich surrounding stimuli (the stationary ﬁxation spot,
the stationary edges of the monitor, etc.), which may be
substantial reference frames, although less eﬀective
ones (than the adjacent surround). The last hypothe-
sis seems to be the most conceivable, since many neu-
rons in the dorsal stream, for example in area MT, are
sensitive to velocity diﬀerences across several 10 degrees
(Allman, Miezin, & McGuinness, 1985; Raiguel, Van
Hulle, Xiao, Marcar, & Orban, 1995; Tanaka et al.,
1986).
In conclusion, the present study has revealed a clear
relationship between ﬁxation stability and motion
detection performance: the more the eye velocity ﬂuc-
tuates, the harder the detection of unreferenced motion.
This study therefore lends scientiﬁc support to the
importance of eye-ﬁxation training for athletes to
whom extremely high motion sensitivity to a lone ob-
ject is essential (e.g., shooters, Di Russo, Pitzalis, &
Spinelli, 2003). Once reference frames are available,
however, the visually-based cancellation mechanism
nicely clears out all internal noise due to eye drift. That
is why we can normally see super-ﬁne object motions in
spite of incessant drift eye movements (McKee et al.,
1990).Acknowledgements
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